Obesity, which is a metabolic disorder resulting from a chronic imbalance between food intake and energy expenditure, is known to be associated with type 2 diabetes mellitus, hypertension, hyperlipidemia, and cardiovascular diseases.
Thus, it is a risk factor for maintaining a healthy life. Leptin, a product of the obese (ob) genes, is synthesized primarily in adipose tissue before being secreted into the circulation to play a role in regulating food intake, energy expenditure, and adiposity. [2] [3] [4] [5] Isolated rat epididymal fat pads incubated with insulin for over 4 h resulted in an increase in both secretion and production of leptin. 6) In contrast, a 24-h incubation of isolated rat adipocytes with isopreterenol, a nonspecific badrenergic receptor agonist, or dibutyryl cAMP resulted in a decrease in ob mRNA expression and leptin secretion. 7) In human, an isopreterenol infusion decreased the plasma level of leptin over 120 min, probably due to an increase in free fatty acids through b-adrenergic stimulation of lipolysis. 8) We have reported that orthovanadate (vanadate) decreased leptin secretion from isolated mouse fat pads through mechanisms involving a transient increase in the intracellular cAMP via the b 3 -adrenergic receptor but independent of protein synthesis regulation. 9) Furthermore, an inhibitor of cAMP-dependent protein kinase (PKA) prevented the vanadate-induced decrease in leptin secretion, while an inhibitor of protein kinase C (PKC) and an antagonist of calmodulin had no effect on the vanadate action over similar concentration ranges. These results strongly suggest that secretion and production of leptin are down-regulated by the phosphorylation via a cAMP-dependent process.
Okadaic acid (OA) is a marine-sponge toxin that is a polyether derivative of the 38-carbon fatty acid isolated from Halichondria okadai and is known as a potent tumor promoter. 10, 11) It is also known to be a potent and specific inhibitor of type 1 and 2A protein phosphatases. 12) OA, which is membrane-permeable, induces a marked increase in the phosphorylation states of many proteins in adipocytes and hepatocytes.
13) The increased phosphorylation of proteins was thought to include enzymes of glucose and lipid metabolism. Actually, OA mimicked the action of glucagon by increasing the rate of glucose output from hepatocytes, as well as the conversion of lactate to glucose. In adipocytes, OA stimulated basal lipolysis, which is consistent with the increased phosphorylation of a hormone-sensitive lipase. Thus, OA in part mimics the effect of PKA. However, it is still unknown how OA regulates the intracellular leptin level.
Here, we report that OA decreases the leptin content in isolated mouse fat pads through the stimulation of proteolytic degradation sensitive to OA.
MATERIALS AND METHODS

Animals
Male ddy mice, weighing 30-40 g, and male Japan white rabbits, weighing 2 kg, were purchased from Shimizu Laboratory Supplies Co. (Kyoto, Japan). They were fed on a commercial pellet diet ad libitum, and given free access to water for 1 week in according to the Guide for the Care and Use of Laboratory Animals established by Fukuyama University. Mice were used without fasting to prevent a down-regulation of the leptin mRNA level. [3, 4, H(N)]leucine (5883.0 GBq/mmol) were purchased from NEN Life Science Products (Boston, MA, U.S.A.). All other chemicals used were of analytical grade.
Preparation of Fat Pads and Incubation with OA It has been reported that freshly isolated rat fat pads contain 4-fold more leptin per gram wet weight than an equivalent weight of the fat cells, and that the insulin stimulation of leptin secretion from the fat pads is maintained for longer than that from the fat cells. 6) Therefore, the fat pads were used throughout this study. Epididymal adipose tissue was quickly removed from mice killed under ether anesthesia and then cut into small pieces (20-30 mg) with scissors in KrebsRinger bicarbonate buffer, pH 7.4, containing 5 mM glucose and one protease inhibitor cocktail tablet in 50 ml (KRBG). 6, 9) After the fat pads (100 mg) were incubated with OA in 1 ml KRBG at 37°C for the desired periods, they were homogenized with a Potter-Elvehjem homogenizer in 2 ml of chilled Tris-HCl buffer, pH 8.8, containing one protease inhibitor cocktail tablet/50 ml and centrifuged at 1500ϫg for 10 min. The infranatant was further centrifuged at 14000ϫg for 10 min, and the resultant supernatant was used to determine the cellular leptin content.
Preparation of Anti-leptin Antibody Polyclonal antileptin antibodies were prepared by immunizing rabbits with a total of 620 mg recombinant mouse leptin mixed with Freund's complete adjuvant. Antibodies were purified by passing the serum over Protein A-Sepharose and then using leptinSepharose 4B columns. 9) Finally, anti-leptin antibodies eluted from a leptin-Sepharose 4B column were dialyzed against 10 mM phosphate-buffered saline and stored at Ϫ30°C.
Gel Electrophoresis and Western Immunoblot Analysis Samples prepared from the fat pads were subjected to SDS-PAGE on 15% slab gels. 9, 14) Immunoblotting procedures were carried out, essentially according to the method of Towbin et al. 15) Briefly, proteins in the gels were transferred electrophoretically to polyvinylidene difluoride membranes. Leptin was detected by immunostaining with an anti-leptin antibody followed by goat anti-rabbit IgG coupled to horseradish peroxidase. Band intensities were estimated with the use of a Lane Analyzer 2 (ATTO, Tokyo, Japan). The relative amount of leptin was determined by comparing the integrated density against known leptin standards.
Determination of [ 3 H]Leucine Incorporation into Leptin
Briefly, the fat pads (200 mg) were incubated with 1 mM OA, 700 nM insulin, or 0.5 mM cycloheximide in 1 ml KRBG containing [ 3 H]leucine (18.5 kBq) for 4 h. 9,16) The incubated fat pads were then washed three times with 30 mM Tris-HCl buffer, pH 8.5, and frozen in dry ice-acetone before being homogenized in 0.8 ml of the same buffer with a Physcotron (NE-310E, Nition Medical and Scientific homogenizer, Tokyo). After centrifugation, the infranatant (0.8 ml) was incubated with anti-leptin antibody at 4°C for overnight and with Protein A-Sepharose for 2 h. The particulates obtained by centrifugation were spotted on circles of a Whatmann glass microfiber filter and the circles were treated with 5% TCA to fix proteins. The radioactivity in the fixed proteins was determined in an Aloka liquid scintillation counter (LSC-700).
Preparation of Proteasome Fraction Fat pads (100 mg) were incubated with or without OA in 1 ml KRBG at 37°C for 15 min. For preparation of the proteasome fraction, the incubated fat pads were homogenized with a Potter-Elvehjem homogenizer in 20 mM HEPES buffer, pH 7.5, containing 15 mM MgCl 2 , 5 mM KCl, 1 mM EGTA, 1 mM dithiothreitol, and one protease inhibitor cocktail tablet/50 ml, before being sonicated with a Branson sonifier. After centrifugation at 1500ϫg for 10 min, the infranatant was further centrifuged at 10000ϫg for 10 min. 17, 18) The resultant supernatant was used as the proteasome fraction.
Determination ]Leptin was incubated with the proteasome fraction in the absence or presence of contents from a commercially available Ubiquitin-Protein Conjugation Kit and/or an ATPregenerating system containing 1 mM ATP, 10 mM phosphocreatine, and 10 mg/ml creatine kinase at 37°C for 4 h. After the reaction was stopped by the addition of an equivalent volume of 10% TCA, the mixture was centrifuged at 10000ϫg for 5 min. 19) Radioactivity in the clear supernatant was determined in an Aloka auto well gamma system (ARC-380-cl).
Measurement of pNPP Phosphatase Activity Phosphatase acitivities of the proteasome fraction were measured in reaction mixtures containing 40 mM Tris-HCl, 30 mM MgCl 2 , 20 mM KCl, 2 mM dithiothreitol, and 5 mM pNPP at pH 8.1 and 30°C.
12)
Statistical Analysis All results are expressed as the meanϮS.E. of four observations. Similar results were obtained in at least two separate experiments. The data were analyzed by Dunnet's or Bonferroni's test.
RESULTS AND DISCUSSION
Effect of OA on the Leptin Content in Fat Pads A 4-h incubation of the fat pads with varying concentrations of OA resulted in a dose-dependent decrease in the intracellular leptin (Fig. 1) . When the fat pads were incubated with 1 mM OA or 0.5 mM cycloheximide for up to 4 h, a significant decrease in the leptin content was observed with both compounds at 3 and 4-h incubations (Fig. 2) . Next, we investigated whether the regulation of protein synthesis was involved in the mechanism of the OA-induced decrease in the intracellular leptin. The incorporation of [ 3 H]leucine into leptin of the fat pads was distinctly decreased by 0.5 mM cycloheximide and increased by 700 nM insulin. In contrast, no significant change in the incorporation was observed with 1 mM OA (Fig. 3) . These results suggest that the OA action is independent of decreasing protein synthesis. In Vero cells and hepatocytes, OA inhibited the incorporation of [ cells with OA in the presence of superoxide dismutase and catalase, which are known as scavengers of active oxygen radicals, prevented in part the inhibition of protein synthesis by OA, suggesting that the formation of high reactive oxygen free radicals may be one mechanism for the inhibition. 22) Thus, OA inhibits the synthesis of proteins in cells independently of inhibition of protein phosphatase activity. However, 1 mM OA may not affect the leptin synthesis of fat pads. We then sought to learn whether proteolysis, which is stimulated by a cAMP-dependent process, 18) is involved in the action of OA. The OA-induced decrease in the intracellular leptin was progressively restored by pretreatment of the fat pads with an increasing concentration of MG-132, a membrane-permeable proteasome inhibitor 18) (Fig. 4) . In contrast, the decrease by cycloheximide, the action of which is independent of the stimulation of an ubiquitin-proteasome system, 23) was not restored by MG-132 over a similar concentration range. These results suggest that the proteolysis by proteasome may be involved in the OA-induced decrease in intracellular leptin.
Involvement of Proteasome in the OA-Induced Decrease in Exogenous Leptin
We tested the proteolysis of [ 125 I]leptin by a proteasome fraction, which had been separated from the fat pads treated with or without OA for 15 min. A significant increase in degraded products was found with a 4-h incubation of [ 125 I]leptin with the OA-treated proteasome fraction in the presence of an ATP-regenerating system together with an ubiquitination system (Fig. 5) . These results suggest that the increase in degraded products by OA is due to the stimulation of an ATP-dependent ubiquitin-proteasome system. The pNPP phosphatase activity of proteasome fraction was decreased from 13.5Ϯ1.1 of the original activity to 9.5Ϯ 0.9 nmol/min/mg protein by the OA-treatment of fat pads (Fig. 6) . The catalytic subunits of type 2A and 1 protein phosphatases which were prepared from rabbit skeletal mus- cle, exhibit a high hydrolytic activity (119Ϯ8 mmol/min/mg protein) and a low hydrolytic activity (6.4Ϯ8 nmol/min/mg protein) against pNPP, respectively.
12) The pNPP phosphatase activity in the proteasome fraction appears to be responsible for the type 1 protein phosphatase activity. When the hydrolytic activity of the proteasome fraction was measured using Suc-Leu-Leu-Val-Tyr-AMC as substrate, 24) no enhancement of the hydrolytic activity was found with the OAtreated proteasome fraction, suggesting that the proteasome is not activated by the OA treatment of fat pads (data not shown).
The proteasome is the major component of the ATP-dependent proteolytic pathway in eukaryotic cells and is responsible for the degradation of most cellular proteins. 25, 26) The 26S proteasome contains the 20S proteasome and a regulatory complex composed of multiple ATPases and components necessary for the binding of protein substrates. Individual subunits possess serine or threonine phosphorylation sites by which the function of the proteasome may be regulated. 27) In osteoblastic cell cultures, parathyroid hormone (PTH) exerted its actions on the protein metabolism of the cells, in part, by enhancing the ubiquitination of protein substrates and stimulating the 26S proteasome activity via a cAMP-dependent process involving the activation of PKA. 18) In human embryonic kidney cells, an a-secretase pathway was stimulated by 8-bromo cAMP and forskolin, and these stimulations were prevented by a proteasome inhibitor. 28) Thus, the proteasome activation by PKA appears to play an important role in the regulation of intracellular proteins. On the other hand, the OA treatment of COS7 cells transiently expressing the c-Myb oncoprotein resulted in hyperphosphorylation and increased proteolytic turnover of the protein by the 26S proteasome. 29) The results suggest that the hyperphosphorylation of c-Myb changes the conformation of the protein so that it can serve as recognition signal(s) for the ubiquitin-26S proteasome system. Thus, OA entering the cells may exert its action by regulating phosphorylation of protein substrates rather than enhancing proteasome activity. The degradation of exogenous leptin by OA was also enhanced without the activation of proteasome in the presence of ATP together with the ubiquitination system. The OA-decreased pNPP phosphatase activity may produce a predominant phosphorylation in the imbalance between phosphorylation and dephosphorylation systems. If leptin is subjected to conformational changes by phosphorylation followed by the increased ubiquitination, the proteolytic turnover of leptin by the proteasome may be accelerated. However, further studies are required to clarify the increased ubiquitination and phosphorylation of leptin.
In conclusion, the results show that OA decreases the intracellular leptin content through the increased ubiquitination and proteolytic turnover of the protein, based on the decreased type 1 protein phosphatase activity. Fig. 6 . pNPP Phosphatase Activity of the OA-Treated Proteasome Fraction Fat pads (100 mg) were incubated with OA for 15 min at the indicated concentrations, then homogenized and centrifuged. The resultant supernatant was used as the proteasome fraction. The pNPP activity was measured against 5 mM pNPP at pH 8.1. Results are expressed as the meanϮS.E. (nϭ4). Significant differences compared with the original group without OA: * pϽ0.01 by Dunnet's test.
